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We show that the photons in laterally confined Bragg mirrors may experience Bloch oscillations similar to
those of electrons in semiconductor superlattices subjected to electric fields. An effective electric field is
produced in the photonic case by variation of the lateral size of the structure as one moves along the structure
axis. The temporal behavior of a short pulse of light oscillating within a miniband of such an optical super-
lattice made from the porous silicon has been modeled by a proper scattering-state simulation scheme.Very recently the phenomenon of electron Bloch oscilla-
tions has been experimentally demonstrated in semiconduc-
tor superlattices.1 The problem of the existence of such os-
cillations generated long and controversial debates since the
1950s when Wannier formulated the theory of electronic
states within a crystal in the presence of a uniform electric
field.2–5 The theory has met much difficulties because of the
problem of the unboundedness of the potential operator eFx
~where e is an electron charge, F is an electric field, and x is
a real space coordinate! and only recently a rigorous formal-
ism has been developed.6
An electron in a crystal experiences Bloch oscillations if
the dephasing time is longer than the oscillation time h/eFd ,
where d is the lattice period. Two main mechanisms respon-
sible for the damping of Bloch oscillations are electron-
phonon scattering and Zener tunneling.5,7–10 For observation
of Bloch oscillations a large supercell in real space, i.e., a
large period d, is needed, which corresponds to a small
Bloch-oscillation time. Moreover, there exists a limitation on
the strength of the applied electric fields, since they induce
Zener tunneling between adjacent crystal bands ~or superlat-
tice minibands!. In fact, up to now Bloch oscillations have
only been observed in semiconductor superlattices.
The analogy between an electron in a real crystal and a
photon in a dielectric medium11,12 allows us to speculate
about a possibility of photonic Bloch oscillations in specially
designed photonic crystals. Since photons have a much
greater coherence length than electrons, they might appear to
be better candidates for observation of the Bloch oscillations.
In the recent studies13,14 the photonic Stark ladder has been
addressed. This report is aimed to demonstrate the existence
of such oscillations in photonic crystals, namely in laterally
confined Bragg mirrors.
The inset in Fig. 1 shows schematically the design of a
model structure which we have chosen for studies of photo-
nic Bloch oscillations. It is an optical superlattice ~Bragg
mirror! made from porous silicon with two different degrees
of porosity. An effective electric field acting on photons isPRB 610163-1829/2000/61~7!/4413~4!/$15.00provided by a varying lateral confinement of the structure
~unlike in Refs. 13 and 14 where the effective field was
created by a variation of the refractive index!. Porous silicon
seems to be a very convenient material for our purposes be-
cause it allows altering of the refractive index in a wide
range. The technology of growth of the Bragg mirrors from
porous silicon is quite well developed,15 and its chemical
etching and metallization have become quite ordinary opera-
tions, at present. We have chosen the same refractive indices
of two sorts of porous silicon as in Ref. 15 (na51.27 and
nb52.25). The corresponding layer thicknesses are La
5380 nm and Lb5300 nm, respectively. The structure con-
FIG. 1. The potential profile of the confined optical superlattice
in its growth direction for a photon having an energy E05400 meV.
The inset shows the scheme of the structure considered. The struc-
ture is periodical along the growth direction and confined in plane.
The light is incident along the growth direction.4413 ©2000 The American Physical Society
4414 PRB 61BRIEF REPORTStained 46 periods. The variation of lateral dimension of the
structure can be achieved by chemical etching. Then the
etched surfaces should be metallized in order to achieve a
required degree of the in-plane optical confinement. Further,
we will suppose the electric field in the structure to have
zeros at the metallized surfaces.
In this case, the photonic wave vector in the direction of
light propagation can be defined as
kph5AS nE\c D
2
2S jpL D
2
, ~1!
where E is the energy, n is the refractive index, L is the width
of the waveguide, and j is the number of the confined pho-
tonic modes. Here, we suppose that the photon electric field
in the structure can be factorized as a product of the plane
wave propagating along the axis and the cosinelike envelope
function in the direction of the lateral confinement ~the adia-
batic approximation!. In the following we shall suppose j
51, for simplicity. If a pulse of light whose spectral width D
is much less than \pnc/L is incident on the structure, one
can write kph in the form
kph5A2mph~E2Vph!
\2
, ~2!
where
Vph5
E0
2 1
\2c2
2n2E0
S pL D
2
, ~3!
mph5
n2
c2
E0 , ~4!
and E0 is the energy of the center of the pulse (E0@D).
For the sake of making the optical system analogous to
the electronic superlattice subjected to the external electric
field it is convenient to choose L in the form
L5
u
AQ1z
, ~5!
where u and Q are constants, and z50 corresponds to the
beginning of the structure. In the model structure considered
here Q5680 nm and u51.983105 nm3/2. For this particular
geometry, we can rewrite
Vph5
E0
2 1
\2c2
2n j
2E0
S pu D
2
Q1eFe f f z , ~6!
where
eFe f f5
\2c2
2n j
2E0
S pu D
2
. ~7!
Here Fe f f is an effective electric field acting on photons, and
j5a ,b for two sorts of layers within the structure. The po-
tential ~6! is plotted in Fig. 1 for E05400 meV. In each type
~a or b! of materials, the potential is a linear function of the
coordinate near E5E0 as it is in case of a conventional
superlattice subject to an electric field. Note, however, thatthe value of the effective electric field is not the same in two
sorts of layers we used. In material ~a! we have F58.3
3103 V/m, while in the material ~b! F52.33103 V/m. Also,
the values of the potential and electric field seen by an inci-
dent photon depend on the energy of the photon, which is a
peculiarity of our optical systems. The effect of the lateral
confinement on the propagation of photons is strongly differ-
ent in the high-index and low-index materials. Another dif-
ference from a conventional superlattice case is that the op-
tical superlattice potential does not exceed the photon energy
E0 in most parts of the structure. This is less pronounced for
low values of E0 , whereas the approximation E0@D is bet-
ter adapted for the large values of E0. This specific compli-
cates direct application of the existing theory of Bloch oscil-
lations in a Stark superlattice to our system but does not
affect the existence of the effect as we will see below.
The variation of n can also be used to model the electric
field for photons.13,14 However, one should take into account
a strong effect of n on the photonic mass and on the slope of
the potential curve.
The real miniband structure of our model sample along
the direction of light propagation (z direction! is shown in
Fig. 2. The allowed miniband energies have been found from
the condition
21<~ t111t22!/2<1, ~8!
where t11 and t22 are the diagonal elements of the transfer
matrix across the period of the structure
Td5TaTb . ~9!
Here the matrix across a layer of width L j with refractive
index n j has the form
T j5F cos~k jL j! in jsin~k jL j!
in jsin~k jL j! cos~k jL j!
G , ~10!
FIG. 2. Photonic band diagram of the confined optical superlat-
tice in its growth direction. White regions represent the minibands;
dark regions represent the minigaps.
PRB 61 4415BRIEF REPORTSFIG. 3. ~Color! Propagation of a Gaussian pulse of light in the confined optical superlattice. The color changes from blue to red
proportionally with respect to the intensity of the electric field.with k j given by formula ~1! where one must substitute the
refractive index and the lateral confinement dimension which
correspond to the given layer. Condition ~8! follows from the
Bloch theorem.
One can see inclined minibands and minigaps. Note that
the energies of the band edges of photonic gaps change al-
most linearly with the coordinate which confirms the analogy
with a conventional superlattice subject to an electric field
applied along the growth direction. On the other hand, the
inclination angle of minibands exceeds the effective electric
field value given by Eq. ~10!. For the bottom of the first
allowed miniband it yields F51.63104 V/m. The difference
between the slope of the bands and the effective field is not
surprising since we are very far from the limit of a homoge-
neous superlattice with wide minibands assumed by a clas-
sical theory of Bloch oscillations.2
In order to study the temporary dynamics of a short light
pulse confined within the miniband of our optical superlat-
tice we have used a scattering-state technique.16 The proce-dure requires a calculation of the scattering states Ev(z ,v)
in the system in the case of incidence of a plane wave with a
frequency v and an amplitude equal to 1 at z50. This field
can be readily found by a transfer matrix method.17 Within
this method, each layer of the structure is characterized by a
232 matrix Eq. ~10! connecting the in-plane components of
electric and magnetic fields at the beginning and at the end of
the layer. The transfer matrix T across entire the structure is
a product of the transfer matrices across all the layers.
The amplitude reflection coefficient of the structure has a
form
r~v!5
ni~T111T12n f !2~T211T22n f !
ni~T111T12n f !1~T211T22n f !
, ~11!
where n f is the refraction index in the last ~semi-infinite!
layer of the structure and Tmn denotes the elements of the
matrix T. Now we can find the frequency-dependent electric
field as
4416 PRB 61BRIEF REPORTSEv~z ,v!5T11
z @11r~v!#1T12
z @12nir~v!# , ~12!
where Tz is the transfer matrix from 0 to z. Finally, the
time-dependent electric field can be found as
E~z ,t !5
1
2pE dve2ivtEv~z ,v! f v~v!, ~13!
where f v(v) is the spectral function of the incident pulse.
We have chosen it in the form
f v~v!5
\
ApD
expF2S \v2E0D D
2G . ~14!
To summarize, we have represented the incident pulse as
a linear combination of plane waves, have solved the wave
equation for these plane waves by a transfer matrix tech-
nique, and have derived the time-dependent field in the sys-
tem as a linear combination of solutions for individual plane
waves.
Our pulse parameters are E05530 meV and D545 meV.
Figure 3 shows the calculated electric field induced by the
FIG. 4. Calculated time-resolved reflection ~solid! and transmis-
sion ~dashed! spectra of the confined Bragg mirror under study.incident pulse in the structure as function of time and of the
coordinate in the growth direction. The darkness of color on
the figure is proportional to the electric field intensity. One
can see an initial decrease of the intensity of the pulse when
it tunnels through the minigap region (0,z,3 mm), and
then the oscillations start between approximately z52 mm
and z525 mm. Indeed, these are the Bloch oscillations of
light within the inclined miniband. Note that the inclined
minigap in the beginning of the structure filters the low-
frequency wing of the pulse which mostly participates in
oscillations.
As follows from Fig. 3 the period of observed Bloch os-
cillations of light is about T50.35 ps. The classical formula
T5h/eFd , ~15!
with an electric field F51.63104 V/m obtained from the
band diagram in Fig. 3, yields T50.38 ps, which is in agree-
ment with numerical symulations.
Experimentally, the photonic Bloch oscillations can be
observed in time-resolved reflection and transmission spec-
tra, as one can see from Fig. 4. The calculation has been
performed according Eq. ~13! with z50 and z531.28 mm
for reflection and transmission spectra, respectively. Quite
clear and pronounced oscillations are seen both in time-
resolved reflection ~solid! and transmission ~dashed!.
In conclusion, the formalisms describing electronic and
optical Bloch oscillations are rather different, while indeed
the photonic Bloch oscillations have the same physical na-
ture as electronic ones and they can be observed in laterally
confined periodical structures. Alternative structures suitable
for observation of photonic Bloch ocsillations could be pho-
tonic wires with a cross section varying along the wire axis.
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